The a 2 subunit of the inhibitory heterotrimeric guanine nudeotide-binding proteins is highly conserved in mammals and is expressed in all cell types, but its exact function is not yet defined. There are three closely related ai subunits, a,1, a,2, and a,3 (2, 4), which have nearly identical activities in vitro (5). However, these three subunits have been highly conserved throughout mammalian evolution, suggesting a specific necessary role for each. For example, the human aj2 subunit is more similar to the murine or rat ai2 subunit (98%) than rat ai2 is to either rat ai1 (88%) or rat a,3 (85%) (4, 6). Whereas
ES cells. Homologous recombination was used to sequentially inactivate both copies of the an2 gene. The first allele was inactivated by insertion of a neomycin-resistance gene. We modified the hygromycin B-resistance gene for improved expression in ES cells and used this gene to inactivate the remaining normal allele. The techniques used should be generally applicable to other genes whether or not they are expressed in ES cells.
Heterotrimeric guanine nucleotide-binding proteins (G pro- teins) (composed of a, f3, and y subunits) comprise a large family of signal transducing proteins. These proteins transmit signals modulating a diverse set of functions, including regulation of cell growth, cAMP levels, phospholipase activity, and ion channel activity. The a subunits bind guanine nucleotides and are thought to determine the functional role of the G protein. The ai subunits, first defined as inhibitors of adenylyl cyclase, are uncoupled from receptors by pertussis toxin and, therefore, may play a role in any signal transduction pathway inhibited by pertussis toxin [for reviews, see Neer and Clapham (1), Gilman (2) , and Raymond et al. (3) ].
There are three closely related ai subunits, a,1, a,2, and a,3 (2, 4) , which have nearly identical activities in vitro (5) . However, these three subunits have been highly conserved throughout mammalian evolution, suggesting a specific necessary role for each. For example, the human aj2 subunit is more similar to the murine or rat ai2 subunit (98%) than rat ai2 is to either rat ai1 (88%) or rat a,3 (85%) (4, 6) . Whereas ail is not expressed in some cells, ai2 has been found in every cell type, suggesting an important role for this subunit in cell or animal survival (7) .
The ai subunits have been implicated in processes that regulate cell growth and differentiation. Pertussis toxin blocks the mitogenic effects of such agonists as thrombin, bombesin, vasopressin, and bradykinin, which are known to activate the a; subunit (8) (9) (10) (11) (12) . Changes in the ratio of the different ai or a0 subunits alter the cell's growth rate and its responses to mitogens (ref. 13 ; E.J.N., unpublished results). Further, a mutationally altered ai2 subunit has been identified as an oncogene in adrenal and ovarian tumors (14) , again suggesting an important role in control of the growth rate.
Because mutationally altered cells lacking a functional a, subunit (cyc-cells) were instrumental in defining the function of a. ( (25) , which also contributed the polyadenylylation signal (26 Southern and Northern Analyses. DNA was fractionated on 1% agarose gels, transferred to GeneScreen, and hybridized as described (23) . RNA from each cell line was fractionated on a formaldehyde/agarose gel (1%), transferred to GeneScreen, hybridized to a 1.4-kb genomic fragment containing exon Western Analysis. Fifty micrograms of total cell lysate or crude particulate fraction was applied to lanes of an SDS/ 11% PAGE gel. The proteins were transferred to a nitrocellulose filter as described by Towbin et al. (29) . The filters were blocked with 3% bovine serum albumin (BSA) or with 3% BSA/3% goat serum for 1-2 hr at room temperature or overnight at4°C. They were incubated with antibody diluted in 3% BSA or 3% BSA/3% goat serum overnight at 4°C. The nitrocellulose filter was washed twice with 10mM Tris/0.996 NaCl, pH 7.4 (TBS), once with TBS plus 0.05% Nonidet P40, and again with TBS before incubating with125I-labeled goat anti-rabbit IgG (ICN). The radioactive IgG was washed from the membrane as described above, and the membrane was used to expose Kodak X-AR film with two screens at -70°C. The antibody used recognizes ail and aj2 approximately equally well [New England Nuclear; NEI-801 (30) ].
Adenylyl Cyclase Assays. The adenylyl cyclase assay was performed as described by Salomon (31) . The standard assay contained 0.5mM ATP, 1 ,uCi ( (17) . Cells that were heterozygous at the ai2 locus were detected by Southern blot analysis (Fig. 1B) using Nsi I-and EcoRI-digested ES cell DNA and probes (probes A and B, Fig. 1 Fig. 1B, lanes 3 and 4) . The (Fig. 1) . Three of the five clones produced the expected size EcoRI fragments (for example, Fig. 1, lane 7) . The other 2 clones clearly lack an unrearranged gene but also appear to lack the expected EcoRI fragments (Fig. 1, lane 8) . Further characterization of these colonies has shown that they contain a mutation that occurred spontaneously before the ai2-hyg construct transfection. They were selected in hygromycin B because of a random integration of the construct in the genome (data not shown). Because the mutation predated the ai2-hyg transfection, they will not be discussed further here. Three clones did lack a functional ai2 gene because their ai2 genes had undergone homologous recombination with the targeting vectors. The frequency of these ai2-null ES cells was about 1 in 5 x 10' of the initial cells ( Table 1 ).
The targeting vectors were constructed with the assumption that the insertion of a hyg or neo gene into exon 6 of the a,2 gene would prevent the gene from expressing a functional ai2 subunit. To test this hypothesis, we assayed for the mRNA and protein products of the inactivated genes. Theoretically, a truncated mRNA could be produced from both of the inactivated alleles. A Northern blot of wild-type, heterozygous, and ai2-null ES cell RNA was hybridized with probe A (Fig. 1) , which contains an exon upstream (5') of the gene interruption site. The autoradiogram revealed ai2 mRNA in the wild-type and heterozygous ES cells but not the ai2-null ES cells (Fig. 2A) . The heterozygote showed a decrease in intensity of the ai2 mRNA. Because the ai2-null ES cells did not contain any detectable ai2mRNA, including mRNA forms of unusual size, we concluded that the interrupted ai2 gene product was rapidly degraded. Northern analysis of these same cell lines by hybridization to labeled ai1 and ai3 rat cDNA showed no change in levels, indicating no compensatory changes (data not shown).
To confirm that the ai2-null ES cells lacked normal ai2 polypeptide, extracts of these cells were analyzed by West- ern blotting using an antibody that recognizes both ail and ai2 (Fig. 2B) . The antibody detected less a, subunit in the heterozygous cell extracts than in wild-type cell extracts. A small amount of 41-kDa antibody-reactive material was detected in ai2-null ES cell extracts, which probably corresponds to ail. The Western blots failed to detect any truncated ai2 gene product that might be produced by the interrupted gene. We concluded that the au2-null ES cells are viable despite the fact that they lack normal ai2 polypeptide.
We further studied the phenotype of these cells to obtain clues as to the function of the ai2 subunit. Because the roles of the G, proteins and their associated ai subunits are not completely defined, a number of possible phenotypes might have been altered by the loss of this subunit. We have compared a number ofphenotypes ofthe ai2-null ES cells and the wild-type ES cells and found them to be indistinguishable.
For example, the morphology of the wild-type ES cells and the ai2-null ES cells was identical (Fig. 3) . We also tested the see any inhibition of basal or forskolin-stimulated adenylyl cyclase activity (with or without NaCi) by GTP ('100 mM) in either wild-type or a i2-null cells ( Table 3 ), suggesting that inhibition of adenylyl cyclase activity by a, subunits is not an important regulatory feature of ES cells.
The complement ofhormone receptors expressed in ES cells has not yet been well defined. We therefore screened a number of agonists for their ability to stimulate or inhibit adenylyl cyclase. We found that ES cells have (-adrenergic receptors since adenylyl cyclase was stimulated by isoproterenol (Table  3 ) and this stimulation was blocked by propranolol (data not shown). No significant inhibition was found with carbachol, serotonin, dopamine, somatostatin, or angiotensin II, indicating either the absence of the receptor or poor coupling in these receptors to inhibition of adenylyl cyclase.
One reason for selecting ES cells for these studies was that they can be differentiated in vitro into a variety of different cell types. We therefore differentiated ai2-null ES cells to determine if ai2 was required for these processes (Fig. 3) . Morphologically distinguishable beating cardiocytes and neurons were visualized. We detected gene products characteristic of these differentiated cells by immunohistochemistry. The presence of other differentiated cell types, skeletal muscle and glial cells, was demonstrated by staining with specific monoclonal antibodies (Fig. 3) . In all cases, the differentiated cells from wild-type ES cells were indistinguishable from those from ai2-null ES cells. The present results suggest that many of the signals required to differentiate ES cells do not require the action of the ai2 subunit.
We have constructed an ai2-null ES cell using a method of gene inactivation based on targeted homologous recombination using selectable marker genes. A recent report (22) describes a somewhat different approach to the inactivation of genes. In that report, the pim-J genes, which are very highly expressed in ES cells (22) , were inactivated by pim-1-selectable marker fusion genes. Such an approach should only be useful for genes expressed in ES cells. In this report, we describe the production and use of a PGK-hyg construct to express the marker at high levels in ES cells. This vector, along with PGK-neo, should be useful for the targeting of genes regardless of their expression in ES cells. Proc. Natl. Acad. Sci. USA 88 (1991) A variety of steps in ES cell differentiation do not require the ai2 subunit. Whether other subunits or processes are able to substitute for the a i2 subunit or whether this subunit is not involved in any of the complex processes of cellular differentiation is not resolved. We expect that ai2-null ES cells will be an important tool for dissecting the role of the a i2 subunit, particularly in differentiated cells. Further analysis of these differentiated cells (such as beating cardiocytes) and chimeric mice produced from these ES cells should help define the role of Gi proteins in the signal transduction process.
